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The strain and temperature dependencies of a step-index single-mode–multimode–single-mode (SMS)
fiber structure are investigated numerically and experimentally. For intensity-based strain measure-
ment using a single SMS fiber structure, at a selected wavelength, it is found that there is a high strain
dependence, but also a temperature dependence that will induce strain measurement error. To minimize
the temperature-induced strain measurement error, two SMS fiber structures are proposed and demon-
strated in a ratiometric powermeasurement scheme; one SMS structure acts as the strain sensor, and the
other SMS structure acts as the temperature monitor. The extracted temperature information is used to
determine a strain value based on a suitable calibration of strain responses with temperature variations.
It is demonstrated that for strain measurement from 0 to 1000 με within the temperature range
from 10°C to 40°C, the proposed configuration can provide a strain and temperature resolution of
0:34 με and 0:14°C, respectively, with a temperature-induced strain measurement error as low as
0:39 με. © 2010 Optical Society of America
OCIS codes: 060.2310, 060.2370.
1. Introduction
Fiber optic sensors are widely used for strain mea-
surement in structural health monitoring. It is well
known that temperature can induce a strain mea-
surement error for fiber-optics-based strain sensors.
Therefore, many techniques have been proposed to
compensate for temperature dependence or to simul-
taneously measure strain and temperature, most
commonly based on a fiber Bragg grating (FBG)
[1–3]. In a FBG-based sensor, techniques employing
an optical spectrum analyzer (OSA) are commonly
used to extract wavelength information due to strain
or temperature variation.
Recently, a single-mode–multimode–single-mode
(SMS) fiber structure has been investigated for var-
ious applications because of its low cost and ease of
fabrication. Several applications of a SMS have been
demonstrated, including a refractometer, filters, and
temperature sensors [4–8]. The characteristics of the
wavelength shift of the SMS spectral response due to
strain and temperature applied to a step-index SMS
fiber structure were investigated previously in [9]. In
[10], a SMS fiber structure employing a graded index
multimode fiber (MMF) was studied with regard to
the sensing applications of wavelength shift due to
strain and temperature. In [11], a SMS fiber struc-
ture combined with a FBG is utilized to enhance
the sensitivity of strain measurement. A FBG com-
bined with a SMS fiber structure has also been
reported for simultaneous strain and temperature
measurement [12]. However, all of these strain
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measurement techniques, with or without tempera-
ture determination, require the use of an OSA.
In addition to the disadvantage of needing an OSA,
in a SMS fiber structure the wavelength shifts in the
spectral response due to increases in strain or tem-
perature are in opposite directions, shifting to a low-
er or higher wavelength, respectively, as in [9,10].
Therefore, when a single SMS fiber structure is used
as a strain sensor where there are ambient tempera-
ture variations, accurate strain measurement can be
carried out only when temperature information is
known. In this paper, the use of a pair of SMS fiber
structures is proposed and demonstrated as a strain
sensor with self-temperature monitoring. Addition-
ally, an intensity-based measurement scheme rather
than an OSA is used. Two SMS fiber structures are
used; one as a strain sensor and the other as a tem-
perature monitor that is located in the same thermal
environment. A ratiometric power measurement
scheme is used that offers low cost, simple configura-
tion, and the potential for high-speed measurement
compared with the techniques that employ an OSA.
2. Strain and Temperature Dependence of a Step-
Index SMS Fiber Structure
A SMS fiber structure as shown in Fig. 1(a) is formed
by splicing a step-index MMF between two standard
single-mode fibers (SMFs). Figure 1(b) shows the
schematic of a system utilizing a pair of SMS fiber
structures for strain sensor with self-temperature
monitoring in a ratiometric power measurement
technique. The input signal is divided into two paths
and connected to a pair of SMS fiber structures and a
single reference arm. Both SMS fiber structures,
SMS-1 and SMS-2, are located together and there-
fore experience the same ambient temperature.
The strain is only applied to the SMS-1. At a chosen
fixed input wavelength, strain applied to SMS-1
changes the output power ratio R1, where R1 ¼ P1 −
Pref in decibels. The output power ratio R1 variation
tracks the variation in strain. SMS-2 is used as a
temperature monitor, so that the variation in the out-
put power ratio R2, where R2 ¼ P2 − Pref in deci-
bels, tracks temperature variations. However, the
presence of a temperature fluctuation also affects
SMS-1 and changes the output power P1 and thus
R1. To determine the applied strain accurately with
ambient temperature variations, the strain indepen-
dent temperature information obtained from R2 is
used to accurately extract the value of applied strain
on its own, even in the presence of temperature-
induced variations in R1. This assumes that a suita-
ble calibration of R1 to account for the effect of strain
and temperature has taken place.
To optimize a SMS fiber structure for the applica-
tion described here and to select a suitable operat-
ing wavelength, it is useful to initially investigate
the strain and temperature dependence of the spec-
tral response of a single SMS fiber structure as in
Fig. 1(a). A modal propagation analysis for linearly
polarized modes can be used to investigate light pro-
pagation in the SMS fiber structure [13]. It is known
that an applied strain ðεÞ and a temperature varia-
tion ðΔTÞ induce a change in the length ðΔLÞ and
the core radius ðΔaÞ of the step-index MMF section
of the SMS fiber structure as well as a change in the
refractive index ðΔnÞ of the SMF and MMF sections.
For an applied strain ðεÞ, the change in MMF length,
core radius, and refractive index can be expressed
as [9]
ΔL ¼ Lε; ð1aÞ
ΔaðSMF;MMFÞ ¼ −σaðSMF;MMFÞε; ð1bÞ
ΔnðSMF;MMFÞi ¼ −
nðSMF;MMFÞi3
2
½p12 − σðp11 þ p12Þε
¼ −peε; ð1cÞ
whereL is the length of theMMF section, a is the core
radius, ni represents the refractive indices of the core
and cladding of the MMF, p11 and p12 are the strain-
optic coefficients for fused silica, pe is the effective
strain-optic coefficient, and σ is the Poisson ratio.
The change in length for the MMF, core radius,
and refractive index due to the temperature can be
expressed as [9]
ΔL ¼ αLΔT; ð2aÞ
ΔaðSMF;MMFÞ ¼ αaðSMF;MMFÞΔT; ð2bÞ
ΔnðSMF;MMFÞi ¼ βnðSMF;MMFÞiΔT; ð2cÞ
where α is a thermal expansion coefficient and β is a
thermo-optic coefficient. The combined effect of strain
and temperature on the length of the MMF, its core
radius, and the refractive index are
Fig. 1. (a) Single SMS fiber structure (b) Schematic structure of
strainmeasurement with a self-temperaturemonitoring in a ratio-
metric power measurement scheme using a pair of SMS fibers.
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ΔL ¼ Lεþ αLΔT; ð3aÞ
ΔaðSMF;MMFÞ ¼ −σaðSMF;MMFÞε
þ αaðSMF;MMFÞΔT; ð3bÞ
ΔnðSMF;MMFÞi ¼ −peεþ βnðSMF;MMFÞiΔT: ð3cÞ
In this paper, the core/cladding diameter of the
SMF is 9=125 μm and of the MMF is 105=125 μm. It
is known that MMF lengths from 44.53 to
42:45mm provide a bandpass spectral response with
a peak bandpass wavelength that depends on the
length, ranging from 1490 to 1560nm, respectively
[13]. In this investigation a MMF length of 44:38mm
is chosen to provide an operating wavelength for the
sensor in the region of 1490–1560nm.The spectral re-
sponse of the SMS fiber structure is calculated by
using modal propagation analysis and is shown in
the inset in Fig. 2. To determine which wavelength
is most sensitive to strain and temperature, the
strain-dependent loss (SDL) and temperature-depen-
dent loss (TDL) are calculated from 1490 to 1560nm.
The SDL is calculated at Δε ¼ 1000 με and the TDL
at ΔT ¼ 30°C. The strain- and temperature-related
coefficient values pe ¼ 0:22, σ ¼ 0:16, α ¼ 5 ×
10−7=°C and β ¼ 6:9 × 10−6=°C are used as in [9].
Figure 2 shows the calculated SDL and TDL of the
SMS fiber structure, from which it is clear that some
wavelengths are much more sensitive to strain and
temperature, especially at the dip (1535–1545nm)
region of the bandpass response.
Given that a fixed wavelength ratiometric power
measurement system is used for interrogation, the
transmission losses responses due to strain and tem-
perature are calculated at an operating wavelength
of 1539nm. This wavelength is chosen because of its
high SDL value, which will improve strain sensitiv-
ity. In Fig. 3(a), the transmission loss responses due
to an applied strain from 0 to 1000 με at T ¼ 0; 10; 20;
30°C are shown. It is clear that the response to strain
is monotonically decreasing but that the presence of
a temperature variation changes the transmission
loss response to strain. At T ¼ 0°C, the discrimina-
tion range is −10:389dB which is equivalent to a
strain sensitivity of 10:389 × 10−3 dB=με. To further
illustrate the effect of temperature, the transmission
loss response at 500 με due to a temperature varia-
tion from 0°C to 30°C is shown in Fig. 3(b). A tem-
perature change of 30°C alters the transmission
loss response by 1:21dB at 500 με. Such a change
in the transmission loss due to temperature is eq-
uivalent to a strain measurement error of 116:4 με.
It is clear from this result that the magnitude of
transmission loss change, due to variations in tem-
perature, is substantial and of the same order of
magnitude as that due to the strain itself. Ambient
temperature variations can thus significantly reduce
the strain measurement accuracy if only one SMS
fiber structure is used.
A SMS fiber structure when used as a strain sensor
is clearly temperature sensitive. However, it is
apparent from Fig. 3(a) that the transmission loss
Fig. 2. (Color online) SDL and TDL of the SMS fiber structure.
Inset, spectral response.
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Fig. 3. (Color online) Transmission loss responses at an the
operating wavelength of 1539nm: (a) strain responses at several
ambient temperatures, (b) temperature response for an applied
strain of 500 με.
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monotonically decreases for a decrease in tempera-
ture. This means that, by monitoring the system
temperature, it is feasible to apply a calibration cor-
rection factor to minimize the temperature-induced
strainmeasurement error. Furthermore, themonoto-
nically decreasing transmission loss response with
temperature means that, by using two identical
SMS fiber structures, one as the strain sensor and
the other as a temperature monitor, a strain sensor
with self-temperature monitoring can be implemen-
ted as presented in Fig. 1(b).
3. Experimental Results
The SMS fiber structure described above was fabri-
cated by using a precision Fujikura CT-07 cleaver
and a Sumitomo type-36 three-axis fusion splicer.
Two such SMS fiber structures were fabricated with
a MMF length of 44:38mm. The lengths of the two
MMFs were carefully controlled and cleaved in order
tominimize length differences. The transmission loss
responses of the fabricated SMS fiber structures were
measured by using a tunable laser TUNIC PLUS and
a powermeter as shown in Fig. 4. The measured
results showa good agreementwith the calculated re-
sult by comparison with the inset in Fig. 2. The mea-
sured results for the spectral responses of the two
fabricated SMS structures are most identical. The
small discrepancy between two measured spectral
responses is most likely caused by residual MMF
length errors and also fiber core splice offsets, occur-
ring during the fabrication process [14].
The two SMS fiber structures are utilized in a ra-
tiometric measurement scheme as shown in Fig. 1(b).
The input signal from the tunable laser is split into
two equal-intensity signals by using a 3dB fiber cou-
pler. One of the signals passes through the reference
arm, while the other passes via a second 3dB fiber
coupler to arms containing the pair of SMS fiber
structures SMS-1 and SMS-2. Powermeters are
placed at the ends of all three arms. Axial strain is
applied to SMS-1, and both SMS fiber structures
are attached to the same thermoelectric Peltier
cooler. At the selected wavelength of 1539nm, the ra-
tio response due to the applied strain was measured
from 0 to 1000 με with an increment of 100 με at the
temperatures of 10°C, 20°C, 30°C, and 40°C. The
measured ratio R1, as defined in Fig. 1(b), is pre-
sented in Fig. 5(a). Figure 5(b) shows the calculated
ratio responses from 0 to 1000 με at temperature of
10°C, 20°C, 30°C, and 40°C, taking account of a 3dB
coupler loss. The measured strain sensitivity at
10°C is 8:732 × 10−3 dB=με, which is approximately
equal to the calculated strain sensitivity of 9:463 ×
10−3 dB=με from Fig. 5(b). The measured and calcu-
lated ratio responses for strain with temperature
variations also show good agreement. Discrepancies
can be attributed to splicing loss during fabrication
and the accuracy of the strain and temperature coef-
ficient values used in the calculations.
In the previous section it was found that tempera-
ture can significantly degrade the strain measure-
ment accuracy of a single SMS fiber structure. It
is shown in Fig. 5(a) that the ratio variation due
to a temperature change from 10°C to 40°C is
0:736dB at 500 με. This ratio variation induces a
strain measurement error of 84:3 με.
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To minimize the temperature-induced strain mea-
surement error, self-temperature monitoring can be
carried out by employing SMS-2. The measured and
calculated ratio responses due to a temperature
variation from 10°C to 40°C are shown in Fig. 6(a)
and 6(b), respectively. The ratio response is monoto-
nically increasing, with an acceptable measured dis-
crimination range of 0:623dB (calculated value is
0:533dB), which is suitable for the temperature mon-
itoring. Discrepancies between the measured and the
calculated values can be attributed to insertion
losses, such as splice loss, the accuracy of the strain
and temperature coefficient values used in the calcu-
lations, and, most important, residual MMF length
errors.
To analyze the effect of residualMMF length errors
on the temperature response, Fig. 7 shows the calcu-
lated ratio responses due to temperature variation
from 10°C to 40°C with MMF length errors of
ΔLMMF ¼ −20; 0; 20; and40 μm. It is clear that both
the insertion loss and the discrimination range of
the calculated ratio response are influenced by length
errors in theMMF section. The discrimination ranges
are 0.195, 0.533, 0.995, and 1:792dB, respectively.
The linearity of the calculated ratio response also de-
pends on the length of theMMF. The calculated linear
regression correlation coefficients for the various
length errors in Fig. 7 are 0.993, 0.998, 0.999, and
0.996, respectively. By comparison the linear regres-
sion correlation coefficient of the measured ratio
response is 0.975 as in Fig. 6(a).
From the measured results as in Fig. 5, it is esti-
mated that a strain measurement resolution of
0:34 με is possible, assuming the uncertainty in the
measured power ratio is 0:003dB [15]. From Fig. 6,
the temperature measurement resolution is esti-
mated as 0:14°C. From the extracted temperature
information, an accurate strain value can be deter-
mined based on a suitable calibration of strain
responseswith temperature variations. The tempera-
ture-induced strain measurement error at 500 με can
be reduced from 84:3 με to as low as 0:39 με.
For a given fixed signal source wavelength, the
length of the MMF sections of SMS-1 and SMS-2 will
need to be optimized to achieve the highest strain
and temperature dependence, respectively. It is
shown in [13] that the peak wavelength of a band-
pass filter can be tuned by selecting a suitable
MMF length. It should be noted that, to achieve high
sensitivity for strain measurement with low tem-
perature-induced errors with a fixed wavelength
source, the MMF lengths of SMS-1 and SMS-2 need
to be optimized in such a way that the edge of a dip of
the SMS transmission spectrum coincides exactly
with the operating wavelength.
In a ratiometric power measurement, the influence
of the signal-to-noise ratio of the laser source can de-
grade the measurement resolution [16], as well as
the sensitivity of the sensor itself. According to
[16], measurement resolution can be maintained if
the signal-to-noise ratio of the laser source is higher
than 40dB for a typical sensor response with a mini-
mum ratio response of −35dB. In this ratiometric
system, the signal-to-noise ratio of the laser source
used is 55dB, and the minimum measured ratio
response of R1 and R2 is higher than −35dB, as in
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(b) calculated.
Fig. 7. (Color online) Calculated ratio response of SMS-2 with
MMF length errors due to temperature variation at an operating
wavelength of 1539nm.
540 APPLIED OPTICS / Vol. 49, No. 3 / 20 January 2010
Fig. 5(a) and 6(a), to maintain the measurement
resolution.
4. Conclusions
The strain and temperature dependence of an SMS
fiber structure has been investigated numerically
and experimentally. It is found that a single SMS fi-
ber structure for an intensity-based measurement
strain sensor exhibits substantial strain error mea-
surement due to temperature variations. It has also
been demonstrated that strain measurement using a
pair of SMS fiber structures within a ratiometric
power measurement scheme can minimize tempera-
ture-induced strain measurement error. In the pro-
posed configuration, SMS-1 acts as a strain sensor
and SMS-2 acts as a temperature sensor. At an
operating wavelength of 1539nm, for strain mea-
surement from 0 to 1000 με within a temperature
range from 10°C to 40°C, SMS-1 can provide
strain measurement resolution of 0:34 με but with
a temperature-induced strain measurement error
of 84:3 με at 500 με. The SMS-2 can provide tempera-
ture measurement resolution of 0:14°C. Utilizing
SMS-1 and SMS-2 in the proposed configuration,
the temperature-induced strain measurement error
can be reduced significantly to 0:39 με.
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